Few long-term studies report late outcomes after severe traumatic brain injury. New rehabilitation techniques are needed for this heterogenous patient group. We present a dance intervention six and half years after an extreme severe TBI including excessive diffuse axonal injury, which disconnects the brain networks. Given the fact, that efficient brain function depends on the integrated operation of largescale brain networks like default mode network (DMN), we created an intervention with multisensory and multimodal approach and goal-directed behavior. The intervention lasted four months including weekly one-hour dance lessons with the help of a physiotherapist and dance teacher. The measures included functional independence measure (FIM), repeated electroencephalogram (EEG) analysis of three subnets of DMN and clinical evaluations and observations. The results showed clear improvement after the intervention, and FIM stayed in elevated level during several years after the intervention. We present suggestion for further studies using larger patient groups.
Introduction
Few studies report outcomes in late state (over 5 years) of Traumatic Brain Injury (TBI) and there is a need to develop systematic selection of patients for design and implementation of clinical studies aiming for new therapies [1] . These new rehabilitation methods should be matched to the specific needs of individuals in order to get optimal rehabilitation interventions. There is a need to supplement randomized control trial evaluation of studies using comparative effectiveness research, in combination with high-quality observational studies. TBI population is heterogeneous and that's why observational studies would be beneficial [2] . One example of the potential promising new form of neuronal rehabilitation are music-dance-based interventions which are in emerging state [3] .
Several studies have demonstrated that music-and rhythm-based interventions have positive effects in treating and rehabilitating such neurological conditions as Parkinson's disease, stroke and dementia [3, 4, 5] .
In healthy brain efficient cognitive functions depend on the integrated operation of large-scale distributed brain networks [6, 7] . Higher order cognitive functions such as the capability for self-consciousness depend on the dynamic coordinated activation between different networks [8] . Perception, attention, memory, language, goal-directed behaviour and other cognitive functions are the result of interaction between distributed and overlapping brain networks [6, 7, 9] . Individuals with chronic TBI have often deficits in using higher order cognitive functions that require the coordination of multiple brain networks [10] .
Default Mode Network (DMN) is active in reasonably automatic bodily actions, selfconsciousness and self-related thoughts, emotions and memories [6, 7, 11, 12] . The main brain areas, which comprise DMN are posterior cingulate cortex, the ventromedial prefrontal cortex, lateral inferior parietal lobes and medial temporal structures [11, 13] . Activity in DMN has been associated with creativity [14, 15] , pain reduction [16] , music listening [17] , musical improvisation [18] , narrative thinking and autobiographical memories, as well as experiential self [7, 12] , and making decisions considering self, such as future goals and events [7] . When multimodal training is combined with previously learned music and dance material and skills, memory-and motivation-related brain regions may be re-activated. Hippocampus is crucial in storing and retrieving the non-overlapping representations of the distributed cortical activities when different events are encoded [19, 20] . An important fact is that the DMN includes the hippocampus and adjacent areas [21, 22] . More specifically, many of the key neocortical regions constituting the DMN are functionally connected with the hippocampal formation and show spontaneous activity correlation with it [23] .
Instead of a homogenous unit, DMN (or self-referential brain network) has also been proposed to be a heterogenous brain system which is composed of at least three spatially separable but functionally interacting subnets (or operational modules) [24, 25] . The proposed model is based on a series of electroencephalogram (EEG) -studies in normal conditions and pathological states [12, 24, 25, 26] . The revealed subnets are the anterior subnet (according to authors corresponds to Witnessing observer or "Self"), right Occipito-Parieto-Temporal subnet (corresponds to Representational-emotional agency or "Me") and left Occipito-Parietotemporal subnet (corresponds to Reflective agency or "I"). It has been proposed that together, these three subnets, anterior subnet and symmetrical right and left subnets, could, in large, account for the DMN [24, 25, 27 ]. This construct model of the DMN is called the three-dimensional construct model for the complex selfhood [24, 27] (Table 1) .
Some researchers hypothesize that changes in DMN activity that are associated with chronic phase of TBI could be compensatory processes in the recovering brain after severe TBI [11, 28, 29] . Research suggests that DMN reorganization after severe acquired brain injury may be an important biomarker for the cognitive recovery [30] . In this context rehabilitation protocols aiming to restore functional integrity within Witnessing observer ("Self"), which is responsible for the first-person perspective, the sense of agency and top-down attentional control.
Cortical areas: Left and right middle frontal gyri or Broadmann's area (BA) 8, bilateral medial areas or BA 6.
Right Occipito-Parieto-Temporal subnet
Representational-emotional agency ("Me"), which is responsible for the experience of self as a localized embodied entity (through interoceptive and exteroceptive bodily sensory processing), emotion-related thoughts, and autobiographical memories. and coordination between brain networks could be considered as very promising approaches for the persons with TBI [31] .
The aim of our intervention in this case study was to assess the feasibility of intensive goal directed, personal strengths based, multimodal and multisensory dance rehabilitation intervention and to evaluate its efficacy with the rehabilitee of chronic condition (six and half years post injury) after an extremely severe TBI including excessive Diffuse Axonal Injury (DAI). The working assumption was that the process of recovery might still be accelerated even after a long and successful period of intensive multidiscipline rehabilitation. The individually tailored intervention was based on the patient's primary and current strengths, his motivation, and tasks based on his episodic memory by utilizing dance and music material, which was created by the patient himself before the accident.
Material and methods

Subject
The rehabilitee is a young man, aged 19 at the time of the high-energy traffic accident -g-force exceeded a hundred. Initial hit to the back of head threw the patient several meters away. Upon landing his head hit to hard material by the left side of the head.
He lost his consciousness immediately and was intubated on the accident site.
Before the injury, he had no history of neurological or psychiatric conditions, he had degrees both in dance and music, and was highly skilled in mathematics, languages, and knowledge-based disciplines.
At admission to level I trauma centre, the Glasgow Coma Score (GCS) was 3 (out of scale 3 to 15). An isolated head trauma was found. Computed Tomography (CT)
showed a left subdural haematoma with excessive oedema. 25 centimetres long fracture was found on the skull. A decompressive craniotomy and evacuation of the haematoma was performed immediately.
Control CT next day showed a large occipital epidural haematoma, which was operated. The following day CT showed a parietal contusion haematoma and subcortical temporal oedema. Intracranial pressure remained at level 15. Eight days after Magnetic Resonance Imaging (MRI) showed excessive DAI on the left hemisphere (frontal, temporal, occipital) and frontally on the right hemisphere as well as on left mesencephalon and right brain stem. He was in coma for two and half weeks and in minimally conscious state months after that. He was tracheotomised and was fed parenterally for several months.
Intensive rehabilitation started five months after the accident and lasted for six months in an inpatient rehabilitation centre. During this time his total score in the Functional Independence Measure (FIM) [32] increased from 26 to 43.
Rehabilitation procedures were continued after returning to home for five and half years, consisting of 10 to 15 hours per week in varying patterns: physiotherapy, orthopaedic manual therapy, speech and language therapy, occupational therapy, neuropsychological rehabilitation and music therapy, as well as the physiologically active substances (vitamins, nutrients, supplements and neuropeptides).
Based on the written reports of the physiotherapist, neurologist, and neuropsychologist of the rehabilitation centre, three days before the dance intervention started:
The rehabilitee used a wheelchair independently inside but needed assistance with obstacles and outside in the rough terrain. He needed at least supervision and verbal guidance in many of the everyday situations. He needed guidance in planning and continuing the daily activities. He also needed guidance in extending his body in the wheel chair. He was able to work bimanually, even though the position of the left arm was not always optimal. He was able to walk inside with heavy assistance by a physiotherapist 20 meters with the walker. (Physiotherapist's report).
The function of the left upper arm was very limited and differentiated movements especially in the fingers were very rigid. (Neurologist's report).
The alertness level was better in the morning and was declining clearly during afternoons. The time of continuous working capacity was from 30 to 45 minutes. His attention regulation was noticeably difficult and variable. He had problems in sustaining attention, and it succeeded to varying degrees and was linked to the alertness level. In general, the organized functioning was noticeably slowed. (Neuropsychologist's report).
The case study and handling of the results was approved by the subject (signed written consent, subject's capability verified from court decision) and is in line with the Code of the World Medical Association (Declaration of Helsinki) and The University of Helsinki Ethical Review Board in the Humanities and Social and Behavioural Sciences.
Intervention was part of subject's normal rehabilitation process e physiotherapy e and therefore did not interfere neither with the usual medical practice, nor with the everyday rehabilitation therapies.
The evaluation of the actual intervention (dance teacher and physiotherapist), evaluation of the daily life (personal assistant/practical nurse), reports and FIM evaluations from inpatient sessions in rehabilitation centre (neurologist, neuropsychologist, nurses) and EEG measurements (BM-Science) and the use of the results was approved by the subject.
Intervention
The goal directed dance rehabilitation intervention was tailored according to the needs and strengths of the rehabilitee. The highly motivating goal was to participate in to a dance competition. The 20-week intervention included a weekly 60-minute dance lesson. A professional dance teacher guided the lessons and a physiotherapist familiar with the rehabilitee provided manual instruction. Fig. 1 . The selected dance music was very important for the rehabilitee as he had edited the music and danced to it in front of a live audience before the accident. During the intervention the dance teacher modified the choreography according to the capacity of the rehabilitee. The rehabilitee created some parts of the dance choreography and designed the costume for the competition.
In addition to the dance lessons the rehabilitee listened to the music for the choreography during his free time, did some mental exercises and watched videos which were filmed during the dance lessons. Besides this specific music-dance-focused intervention, rehabilitee's previous holistic rehabilitation continued unchanged.
After the practice period he took part in a National Dance Competition and was dancing, performing and remembering the learned dance-choreography in front of over 800-person live audience along with other competitors, of whom many were nearly professional dancers.
The competition included several hours of preparing and waiting before the actual performance. The personal assistant helped him to go on and off the stage with a wheelchair and the physiotherapist was supporting his standing posture while he was dancing. The dance teacher was present during the competition but gave no instructions for him during the performance.
Measures
The Measures included FIM, EEG, as well as observations during the intervention, observations of personal assistant (everyday life), and (external clinical) observations from the Rehabilitation Centre's neurologist and neuropsychologist, who
were not aware of the intervention. Besides the observations, in the beginning of the first two lessons and during the last one, the mobility of the rehabilitee was assessed with various exercises. The rehabilitee was recorded on video both from behind (view also to the mirror) and from the left side and the mobility was compared between the first and the last lessons.
FIM is widely accepted functional outcome scale which estimates disability resulting from physical and cognitive impairments. It is used as assessment of progress during inpatient rehabilitation. The possible total score varies between 18 (lowest) to 126 (highest) 32 . FIM was measured repeatedly five times before the intervention and four times after it.
Repeated EEG measurements of the three subnets of DMN have been measured along the rehabilitee's whole rehabilitation period (from 1 year 11 months to 7 years 10 months) and are reported elsewhere [27] . For the purpose of the present case study we will present only the three last three measures of them: two before the intervention and one after it (Fig. 3) . As was reported in Fingelkurts and Fingelkurts [27] , operational synchrony analysis of the EEG could reliably estimate the three subnets of DMN (anterior subnet, right Occipito-Parieto-Temporal subnet and left OccipitoParieto-Temporal subnet) that correspond to such components of selfhood as "Self", "Me" and "I". Details of EEG application, measurement and analysis are found in Fingelkurts and Fingelkurts [27] .
For each EEG-session values of the three DMN subnets were compared to population normative reference and presented as z -scores. Z-scores quantify deviation of an observed value from normative data. The deviation can be above (z > 0) or below (z < 0) the normative values in terms of standard deviation (SD). Deviation was ranged from slight (2 SD; P < .05), moderate (2,5 SD; P < .01) high (3 SD; P < .003) or very high (4 SD; P < .0001). The normative range of EEG characteristics is (-1<z < 1) [27] .
Results
Observations and clinical examinations
According to the physiotherapist and the dance teacher rehabilitee's balance, posture, mobility and endurance got better. Procedural and episodic memory were better and he could develop mnemonics (Tables 3, 4 , and 5).
According to the personal assistant (practical nurse) the rehabilitee was feeling more secure, independent and self-controlled. Executive functions got faster, alertness level and concentration were much better and he could regulate the activity-rest cycle by himself. Working and long-term memory as well as motor functions improved (Tables 2, 3 , 4, and 5).
The neurological status of the rehabilitee was clinically examined and observed in the same Rehabilitation Centre before and after the applied dance -rehabilitation. According to the neuropsychologist the rehabilitees self-awareness, self-reflection, alertness level, attention and coping as well as episodic and working memory were improved (Tables 2, 3 , and 4).
By the neurologist the rehabilitee acted self-intentionally, his functions were still slow but faster, stimulus-dependency was diminished and he controlled his left upper limb better and worked bimanually more (Tables 2 and 3 ).
Functional independence measure
FIM had shown progressive improvement already through the six and half years after the injury. However, the steepest change was found after the dance rehabilitation intervention as it increased 29% compared to the previous measurement. Long term stabilized increase was 24%, 2 years and 3 months after intervention (Fig. 2) .
Electroencephalogram
The recovery in three DMN subnets estimated by repeated operational synchrony analysis of the EEG was positively correlated with FIM (cited from [27] : R ¼ 0.57; p < .05). The FIM -measures were transferred to z-scores to correlate it with the values of EEG -subnets [27] . (Fig. 3) .
Please note that Figs 
Combining observations, clinical examinations and DMN subnet model
The observations and clinical examinations where in line with the dynamics of DMN components [27] from the EEG analysis and from FIM measurements. These correspondences are summarised in Tables 2, 3 , 4 and 5. Could get up to sitting position in bed Able to move from the bed to wheelchair, from wheelchair to toilet seat
Long term memory
Could memorize the whole choreography
Remembering names better and learning them faster The intervention was well tolerated and subject was highly committed to it, as reported by the physiotherapist and the dance teacher. There were no adverse or unanticipated negative effects during or after the intervention.
Discussion
Our aim was to assess the feasibility of goal-directed multimodal and multisensory dance rehabilitation in the chronic state of extreme severe TBI, and to follow the outcome during several years. The results showed accelerated improvement in the total FIM score which raised 29 % during the intervention (from 55 to 71 points). This increase was stable still 2 years 3 months after the intervention, the total FIM score being 24 % higher than before the intervention. EEG eanalysis of the threedimensional DMN brain network [27] revealed, that all three subnets recovered as compared to the time before and after the intervention. The three subnets of the DMN network had been shown to be positively correlated with FIM (R ¼ 0.57; p < .05) already in an earlier study [27] . The clearest improvement was seen in the right
Occipito-Parieto-Temporal DMN -subnet [27] . In this intervention both embodied actions, memory and emotional based elements were strongly presented, and that could explain this result. Observations and clinical evaluations revealed several positive outcomes in self-related functions as well as balance, posture, mobility, and endurance within the rehabilitee after the intervention. All observational and clinical examination results, FIM and DMN changes were in line. Importantly, the intervention took place in the chronic phase of extreme severe traumatic brain injury. Moreover, FIM stayed in an elevated level during several years after the intervention.
As a future direction, also other brain networks besides Default Mode Network could be studied in this context of rehabilitation. Salience Network (SN) is active when sudden attention and higher order cognitive control is needed and it seems to work in counter-synchrony with the DMN: When the activity of SN increases, the activity in DMN decreases [6] . Brain areas associated with SN are mostly the rostral anterior cingulate cortex/presupplementary motor area and anterior insulae [11, 33, 34] .
Default Mode Network, Dorsal Attention Network (DAN) and Fronto Parieto Control Network (FPCN), which is active during tasks which require executive functions, are supposed to work in synchrony to provide internally and externally focused goaldirected cognition and other higher order cognitive functions [7, 10, 35] . It is of special importance, that large-scale brain systems like default and executive control networks, which can show antagonistic relation, seem to work co-operatively during creative cognition and artistic performance. Complex cognitive processes, especially goaldirected, self-generated thought, seem to be supported by this dynamic process [36] .
TBI may disrupt normal interaction between the SN and the DMN [37] , thus causing cognitive and motor functioning disruption [6, 37, 38, 39] , as well as leading to deficits in self-control and self-monitoring [40] . Structural and functional disconnection within the DMN is linked to impairments of sustained attention and generally degraded self-awareness [6, 40, 41] , whereas the damage within the SN is linked to failure of DMN control and impairments of attention and executive function [37, 42, 43] , motor network dysfunction [44] , spatial neglect [45] , working memory disturbances [46] , and impaired memory retrieval [47] .
According to earlier studies it seems that multimodal rehabilitation with dance and music-related activity affects brain plasticity. It has been reported that music-related activities influence brain plasticity both in white and grey matter level, cause structural and functional plastic changes in hippocampus, and structural changes in the brain sensorimotor network [48, 49, 50, 51] . Functional changes have been observed also in Salience Network after long-term musical training [52] . It has been documented that music and dance training affects Default Mode Network by enlarging the volume and interactions of the key brain structures involved in DMN which are responsible for visual imagery, episodic memory, bodily self and generally for self-regulation and self-enhancement and goal directed behaviour [18, 53, 54, 55, 56] . Dancing with music is multisensory and multimodal activity, which requires coordination of motor, cognitive, imaginative and emotional brain networks and includes action observational and simulation networks, as well as self-reflecting [57, 58, 59, 60, 61, 62, 63, 64, 65] . When people are dancing or playing music, they often react to rhythm with spatiotemporal and affective coordination [67] . The sensory and motor systems in the brain seem to have a connection while perceiving rhythm [68] , and musical rhythm has been shown to affect several brain networks e.g. Fronto-
Parieto-Cerebellar motor system and corticospinal excitability [69, 70, 71] Capitalizing on the evidence of the relation between DMN and other brain networks [7, 10, 36] , and considering the findings that dance and music could modify them [48, 49, 50, 51] , our view is that dance-and music-based interventions may have extra effect on the brain networks coordination and hence accelerate the rehabilitation outcome in a chronic state of TBI. Activity in DMN has been associated with making decisions considering one's future goals [7] , and goal-directed behaviour seems to be a result of interaction between DMN and other large-scale brain networks [6, 7, 9] . DMN -integration can be an important biomarker of the recovering brain networks after severe acquired brain injury [30] .
Suggestions for further studies
i. By providing emotionally-charged, memory-retrieving (pre-accident learned) multisensory information (dancing and music) to the multimodal brain regions through remaining/intact pathways with repeated rehearsal, it may be possible to restore/strengthen the connections within and between different brain areas more effectively and possibly stabilize the putative balance between DMN, SN and other brain networks activity.
ii. The memory system might be activated during rehabilitation by accessing several pre-injury learned components into the process.
iii. In the beginning of the training period the brain functions and activity outcomes are likely to be slow and in the need of conscious control. However, after a certain amount of training, when the brain networks are hypothetically restored or reconnected, cognitive control, attention and movements are likely to become more automatic and therefore faster than in the beginning of the training period.
Further studies should use objective methodologies such as Magnetic Resonance Imaging (MRI), Diffuse Tensor Imaging (DTI) and advanced functional connectivity EEG analysis [12] , to evaluate the structural and functional recovery of brain networks and their connections (such as DMN, SN and FPCN) as a result of dance rehabilitation intervention as in this way it may be possible to create personally tailored rehabilitation programs for subjects suffering TBI. This kind of new therapy might have substantial effects to individuals in late state of TBI and their families, and for the society owing to the economic burden. As in all studies, possible contraindications should also be considered.
While designing future research protocols it should be taken care that rehabilitation is not too intense due the possible negative changes in plasticity. It should be considered at which stage of rehabilitation process this kind of intense rehabilitation protocol could be started.
Limitations
Despite the promising results (changes in the rehabilitee), the fact that it was only one patient suggests that evaluation of the results should be done with caution before providing indications for clinicians and should be considered preliminary. To confirm the results presented in this report, future studies with a larger group of patients are warranted.
Traditional methods used in scientific studies, specifically standardization of subjects and methods, cannot be used in evaluation of individualized rehabilitation methods. It's something, which should be taken care, while designing future research protocols.
The information of the rehabilitee was collected from real-life clinical examinations and rehabilitative observations and not as a result of a designed research protocol.
For example, mobility measurements, evaluation of the movement patterns and their documentation was unsystematic. Accordingly, the results should be considered as descriptive.
Conclusion
The presented observations and measures show that there has been a considerable acceleration in the rehabilitation process in a chronic condition of an extremely severe traumatic brain injury after the goal-directed applied dance rehabilitation intervention and that the results have been stable for several years after the intervention. Rehabilitation interventions specifically targeted to restoring the integrity of DMN network and connectivity with other networks could offer a promising future rehabilitation method, and more studies with larger patient groups are needed to confirm our view.
Declarations
Author contribution statement 
Funding statement
This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.
